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The Drosophila Mre11/Rad50 Complex
Is Required to Prevent Both Telomeric Fusion
and Chromosome Breakage
Results and Discussion
Homologs of the Mre11 and Rad50 proteins are found
in both prokaryotes and eukaryotes in which they form
complexes with a conserved molecular architecture [5].
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biological roles of Drosophila Rad50 and Mre11, we00185 Rome
Italy isolated null mutations in the corresponding genes and
analyzed their phenotypic consequences.2 Dipartimento di Scienze e Tecnologie Biologiche
e Ambientali We generated a null mutation in the mre11 gene by
combining two deficiencies, both of which removed theUniversita` di Lecce
73100 Lecce entire mre11 locus (Figure 1A). One of these deficiencies
was the pre-existing rearrangement Df(2L)FCK-20, whichItaly
3 Laboratory of Genetics has a breakpoint in region 32D and another breakpoint
in 32F1-3, 14 kb distal to the salr component of the spaltUniversity of Wisconsin
Madison, Wisconsin 53706 complex [6] (Figure 1A). The latter breakpoint falls in an
essential regulatory region of the spalt complex [6]. The4 Department of Toxicogenetics
Leiden University Medical Center other deficiency was generated via “the hybrid element
insertion” process [7] using the nearby P element insertionWassenaarseweg 72
2333 AL Leiden P{K07716}. This deficiency, designated Df(2L)K07716-V.1,
consists of a 150kb deletion that removes part of theThe Netherlands
cana gene and both the mre11 and the palmitoyl protein
thioesterase (PPT) genes and extends through the salr
locus (Figure 1A). Df(2L)FCK-20/Df(2L)K07716-V.1 fliesSummary
are lethal, and this lethality is not rescued by constructs
containing either mre11 alone or both mre11 andThe MRN complex consists of the two evolutionarily
PPT (Figure 1A). The failure of these constructs to com-conserved components Mre11 and Rad50 and the third
plement the lethality of Df(2L)FCK-20/Df(2L)K07716-V.1less-conserved component Nbs1/Xrs2 [1, 2]. This
flies is probably due to a partial loss of function of thecomplex mediates telomere maintenance in addition
spalt complex. However, both constructs rescued allto a variety of functions in response to DNA double-
the mre11-associated phenotypes described belowstrand breaks, including homologous recombination,
(apoptosis, telomeric fusions, and chromosome break-nonhomologous end joining (NHEJ), and activation of
age). Henceforth, the deficiency combination that re-DNA damage checkpoints. Mutations in the Mre11
moves the mre11 gene will be designated as the mre11DCgene cause the human ataxia-telangiectasia-like dis-
mutation/mutant.order (ATDL) [1, 2]. Here, we show that null mutations
The rad50 mutations were both generated by mobili-in the Drosophila mre11 and rad50 genes cause both
zation of nearby P element insertions. The rad505.1 mu-telomeric fusion and chromosome breakage. More-
tant allele is a deletion of the 5 end of the gene and isover, we demonstrate that these mutations are in the
produced by an imprecise excision of the P{KG02493}same epistasis group required for telomere capping
element (Figure 1B). The rad50EP1 mutation carries a Pand mitotic chromosome integrity. Using an antibody
element insertion in the third exon of the gene and isagainst Rad50, we show that this protein is uniformly
generated by mobilization of the EP(2)2600 element [8].distributed along mitotic chromosomes, and that
The rad505.1 and the rad50EP1 mutations are both homo-Rad50 is unstable in the absence of its binding partner
zygous lethal, and their lethality is rescued by theMre11. To define the roles of rad50 and mre11 in telo-
rad50-bearing construct shown in Figure 1B. This con-mere protection, mutant chromosome preparations
struct also rescued the other rad50-associated pheno-were immunostained for both HP1 and HOAP, two
types described below (apoptosis, telomeric fusions,proteins that protect Drosophila telomeres from fusion
chromosome breakage). The finding that rad50EP1 and
[3, 4]. Cytological analysis revealed that mutations in
rad505.1 homozygotes and hemizigotes (bearing the
rad50 and mre11 drastically reduce accumulation of
mutation over Df(2R)X58-8) all show similar frequencies
HOAP and HP1 at telomeres. This suggests that the
of telomeric fusions and chromosome breaks indicates
MRN complex protects Drosophila telomeres by facili-
that both mutations are null (see below and data not
tating recruitment of HOAP and HP1 at chromosome shown).
ends. Mutants at mre11 and rad50 loci both died during the
pupal stages. The mre11DC flies tended to die earlier,
never surviving to adulthood, whereas rad505.1mutants*Correspondence: maurizio.gatti@uniroma1.it
5These authors contributed equally to this work. usually died close to the time of eclosion. 1%–5% of
Telomere Protection by the Drosophila MRN Complex
1361
rad50 mutant flies did eclose but survived only briefly as
adults. For both loci, the mutant pharate adults exhibited
rough eyes, scalloped wings, and shorter or missing
bristles (Figure S1 in the Supplemental Data available
with this article online). These phenotypic traits are typi-
cally associated with high levels of chromosome insta-
bility and cell death [9, 10]. Among the control groups,
including wild-type and mutants with rescuing con-
structs, only 4% of the major thoracic bristles were miss-
ing, compared to 33% in the nonrescued mre11 and
rad50 mutants (Figure S2). In addition, the frequency of
bristles with reduced size was 29 times greater in the
mutant categories. Previous work [10] suggests that an
increase in reduced bristles indicates hemizigosity at
Minute loci, thus implying partial or complete chromo-
some loss in somatic sectors.
To directly assess cell death, we measured apoptosis
in mutant wing discs. Untreated wing discs from both
mre11DC and rad505.1 mutants showed high levels of
apoptosis compared to wild-type or to controls bearing
the rescuing constructs (Figure 1C). Frequent apoptotic
cells were also observed in the wing discs of rad50EP1
mutants [8]. Most likely this “spontaneous” apoptosis
resulted in the scalloped-wing phenotype observed in
mutant flies (Figure 1D). These findings could indicate
a substantial increase in unresolved DNA damage or
failure of telomere protection. They also show that the
apoptosis pathway itself still functions in the mutants.
We next determined the effects of mre11 and rad50
mutations on chromosome stability. For this analysis,
in addition to the rad50EP1, rad505.1, and mre11DC mu-
tants, we also constructed and examined an mre11DC
rad505.1 double mutant (see Experimental Procedures).
DAPI-stained preparations of colchicine-treated larval
brains from rad50 or mre11 single mutants and mre11
rad50 double mutants showed high frequencies of both
telomeric fusions and chromosome breaks (Figure 2A
and Table 1). Telomeric associations (TAs) involved all
chromosome ends (data not shown) like in UbcD1, SuFigure 1. The mre11 and rad50 Mutations and Their Effects on Apo-
(var)2-5, and cav mutants [3, 4, 11] and were found toptosis
be of two types: single telomeric associations (STAs)(A) Molecular characterization of the mre11DC mutation. (top) A dia-
gram showing a molecular map of region 32E and an expansion of in which a single telomere fuses with either its sister
the genomic area around mre11; the rescue segments are also telomere (sister union, su) or another single nonsister
indicated. (bottom) Schematic representation of the two overlapping telomere (nonsister union, nsu), and double-telomere
deficiencies [Df(2L)FCK-20 and Df(2L)K07716-V.1] used to generate
associations (DTAs) in which a pair of sister telomeresa null mutation in the mre11 gene. The deleted genomic segment
fuses with another pair (Figure 2A). STAs and DTAs arein each deficiency is delimited by parentheses. See text for detailed
thought to be generated during S-G2 and G1, respec-explanation.
(B) Molecular characterization of the rad50 mutations. The rad505.1 tively [12].
and the rad50EP1 carry the indicated deletion and P element insertion, To determine the fate of the TAs observed in colchi-
respectively. The rescue segment used in the complementation ex- cine-treated brains, we also made preparations from
periments is also shown.
brains that were not exposed to colchicine. Cytological(C) Imaginal wing discs from Oregon R (wt  wild-type), rad505.1,
analysis showed that in all rad50 and mre11 mutantand mre11DC third-instar larvae stained with acridine orange. Note
combinations 60%–70% of anaphase figures (n  50that both mutant wing discs exhibit very high levels of spontaneous
apoptosis compared to the wild-type disc. The levels of apoptotic anaphases scored for each mutant genotype) had one
cells are restored almost to wild-type levels when the mre11 rescue or more chromatin bridges (Figures 2Ag–2Aj), consistent
construct (shown in [A]) was reintroduced in the mre11DC mutant. with the frequencies of telomeric fusions found in colchi-
The rad50 mutants carrying the rad50 rescuing construct were cine-treated cells (Table 1). The finding that mutant
indistinguishable from wild-type (data not shown), thus indicating
brains display both hyperploid/polyploid cells and meta-full rescue.
phases with rearranged chromosomes (Table 1, Figure(D) Adult wings from Oregon R (wt) and rad505.1/rad50EP1 heterozy-
2A, and Figure S3) indicates that these chromatin brid-gous mutant flies. Note the scalloped margin in the mutant wing.
ges are subjected to two different fates. Some bridges
will break, giving rise to daughter cells containing re-
arranged chromosomes with either abnormally short or
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Figure 2. Mutations in the rad50 and mre11 Genes Cause Telomeric Fusion and Spontaneous Chromosome Breakage and Confer Extreme
Sensitivity to Ionizing Radiations
(A) Examples of cytological defects observed in rad50 and mre11 mutants. (Aa–Af) Colchicine-arrested metaphases; (Ag–Aj) Anaphases from
noncolchicine-treated preparations. (Aa) Control-female metaphase. (Ab) Mutant-female metaphase showing the two chromosomes 3 joined
by an STA (nsu; arrowhead). (Ac) Mutant-female metaphase containing two dicentric chromosomes generated by DTAs, one involving the two
chromosomes 3 (arrow) and the other involving the two chromosomes 2 (arrowhead). (Ad) Mutant-male metaphase containing a DTA dicentric
involving two chromosomes 3, one of which exhibits an isochromatid break (arrow) accompanied by the corresponding fragment (arrowhead).
(Ae) Mutant-female metaphase showing an XL-autosome DTA (arrowhead), a DTA conjoining two chromosomes 3 (arrow), and a chromatid
deletion involving chromosome 2 (asterisk). (Af) Mutant-female metaphase containing a dicentric ring generated by two DTAs between two X
chromosomes (arrow) and a rearranged autosome with a very short arm (arrowhead; see text and Supplemental Data for further explanation).
(Ag) Control anaphase. (Ah) Mutant anaphase with two chromatid bridges. (Ai) Mutant anaphase with three bridges. (Aj) Mutant anaphase with
one bridge and two acentric fragments (arrowhead).
(B) Examples of chromatid and isochromatid breaks observed in brains irradiated with X-rays. Brains were dissected from irradiated larvae
after 2 hr recovering and then incubated in colchicine for 1 hr before fixation. (Ba) Mutant-female metaphase irradiated with 1 Gy, showing
an XL-XR DTA (arrowhead) and two isochromatid breaks: one involving chromosome 2 (arrows) and the other involving chromosome 3
(asterisks). (Bb) Mutant-female metaphase irradiated with 2.5 Gy, showing multiple chromatid breaks. (Bc) Frequencies of chromatid and
isochromatid breaks observed in rad505.1, mre11DC, and mre11DC rad505.1 mutants; Oregon R (wt) was used as a control. Cells were not
exposed to X-rays (0 Gy) or irradiated with either 1 or 2.5 Gy (n  100 cells scored for each genotype and X-ray dose).
abnormally long arms (see Figure S3 for the origin of involving either one (chromatid breaks) or both sister
chromatids (isochromatid breaks). These breaks werethese aberrant chromosomes). Other bridges will not
break, preventing completion of anaphase and resulting characterized by the simultaneous presence of both the
acentric and the centric fragment and were thus unlikelyin hyperploid/polyploid cells (Figure S3).
In addition to cells with rearranged chromosomes, we to be the consequence of a severed anaphase bridge.
To substantiate the finding that the mre11 and rad50also observed metaphases with chromosome breaks
Table 1. Chromosome abnormalities in colchicine-arrested metaphases from rad50 and mre11 mutant larval brains
# cells STAs STAs Rearranged Polyploid/
Genotype scored (su) (nsu) DTAs Breaks(a) Chromosomes(b) Hyperploid
Oregon R 481 0.6% 0.2% 0.2% 0% 0% 0%
rad50EP1/Df(3R)X58-8 336 6.3% 10.1% 36.9% 15.%7 5.7% 5.1%
rad505.1/rad505.1 360 4.7% 8.1% 44.4% 10.8% 4.4% 5.6%
mre11DC(c) 1027 4.8% 5.9% 40.0% 9.5% 4.0% 3.9%
mre11DC rad505.1(d) 474 4.2% 7.4% 43.0% 15.0% 3.8% 4.9%
a Breaks include both chromatid and isochromatid deletions.
b Chromosomes with abnormally short or long arms (see text).
c mre11DC is the deficiency combination that removes the mre11 gene (see text).
d mre11 rad50 double mutant.
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end-to-end fusions and repair of DNA lesions that give
rise to chromosome breakage. Consistent with this con-
clusion, it has been recently shown that another mutant
in the Drosophila mre11gene displays both telomeric
fusions and chromosome breaks [13].
The rad50 and mre11 single mutants and the mre11
rad50 double mutant have very similar frequencies of
both telomeric fusions and spontaneous chromosome
breaks and exhibit similar sensitivities to the induction
of chromosome breakage by X-rays (Table 1 and Figure
2). These results indicate that rad50 and mre11 are in
the same epistasis group, consistent with the view that
the Mre11 and Rad50 proteins function as a complex
and that disruption of either subunit results in a complete
loss of function of the entire complex.
We next focused on the mechanisms underlying the
formation of telomeric fusions in rad50 and mre11 mu-
tants. As a first step in this analysis, we wanted to deter-
mine the subcellular localization of the MRN complex.
We thus generated an antibody against the central part
(aa 538–875) of the Rad50 protein. This antibody recog-
nized a band of the correct molecular weight, which
was not detectable in either rad50EP1 or rad505.1mutants,
supporting the conclusion that both mutations are null
(Figure 3B). Immunostaining with this antibody revealed
that the Rad50 protein is uniformly distributed along the
metaphase chromosomes with an accumulation at the
pericentric heterochromatic regions (Figure 3A). As ex-
pected from Western blot analysis, rad505.1 mutant
metaphases did not exhibit any immunostaining (Figure
3A). However, we also did not observe any fluorescent
signal on mre11DC mutant chromosomes (Figure 3A) and
failed to detect a Rad50 band in Western blots from
mre11DC mutant brains (Figure 3B). Because RT-PCR
showed that rad50 is normally transcribed in an mre11
mutant background (Figure 3B), these results strongly
Figure 3. Rad50 Localization and Expression in Wild-Type and suggest that the Rad50 protein is unstable in the ab-
rad50 and mre11 Mutants sence of its binding partner Mre11.
(A) Localization of the Rad50 protein on Oregon R (wt) brain chromo- To define the roles of rad50 and mre11 in telomere
somes and on chromosomes from rad50 and mre11 mutants. Meta- protection, we asked whether these genes are required
phases were stained with DAPI (Aa–Ac) and with the anti-Rad50 for proper localization of HP1 and HOAP (HP1/ORC2antibody (Ad–Af). Note that the Rad50 protein is uniformly distributed
Associated Protein), two proteins that protect Drosoph-along euchromatic arms of wild-type chromosomes with an accu-
ila telomeres preventing end-to-end fusions [3, 4]. HOAPmulation in the pericentric heterochromatic regions (Aa and Ad); how-
ever, Rad50 is absent from both rad505.1 (Ab and Ae) and mre11DC is specifically enriched at mitotic telomeres [4]; HP1
(Ac and Af) mutant chromosomes. concentrates in mitotic heterochromatin but also binds
(B) Expression of Rad50 in Oregon R (wt), rad50, and mre11. (top) euchromatin at multiple sites, making it very difficult to
Immunoblot (IB) from wild-type, rad505.1, rad50EP1, and mre11DC ho-
unambiguously recognize HP1 signals at mitotic telo-mogenized larval brains. Note the absence of the Rad50 protein
meres [3]. In polytene chromosomes, HOAP is primarilyboth in rad50 mutants and in the mre11DC mutant. -tubulin was
bound to telomeres ( [14]; L.C., G.C., and M.G., unpub-used as a loading control. (bottom) RT-PCR from wild-type, rad505.1,
and mre11DC total larval RNA. Note that the rad50 gene is normally lished data), whereas HP1 binds to the chromocenter,
transcribed in an mre11 mutant background. twinstar (tsr) was used several euchromatic bands, and all telomeres [3, 15].
as a control gene in the RT-PCR amplification. We thus analyzed HOAP localization in both mitotic and
polytene chromosomes and HP1 localization only in po-
lytene chromosomes.
genes are required to prevent chromosome breakage, The analysis of mitotic chromosomes revealed that
we irradiated mutant and control larvae with X-rays. mutations in the rad50 and mre11 genes strongly affect
Examination of brain preparations from these larvae re- HOAP localization at telomeres (Figure 4A). In Oregon
vealed that mre11 and rad50 mutant cells are at least R controls, 80.5% of telomeres displayed a clear HOAP
one order of magnitude more sensitive than wild-type signal, whereas the remaining 19.5% were not labeled.
cells to the induction of chromosomal breaks (Figure In contrast, in rad505.1 homozygotes, only 18.2% of the
2B). These results indicate that the mre11 and rad50 telomeres not involved in fusion events showed a HOAP
genes have a dual function in the maintenance of chro- signal. Similarly, only 5.5% of the free telomeres of
mre11DC mutants displayed a detectable HOAP accumu-mosome stability: protection of chromosome ends from
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Figure 4. Rad50 and Mre11 Are Required for
Proper Telomeric Localization of Both HOAP
and HP1
(A) HOAP immunolocalization on mitotic
chromosomes from Oregon R (wt), rad505.1,
and mre11DC larval brain cells. Note that most
wild-type telomeres exhibit a clear HOAP sig-
nal (red). In contrast, only a few mutant telo-
meres display a detectable HOAP signal
(arrows in the rad50 panels). The frequencies
of HOAP-labeled telomeres are given in the
graph (n  400 telomeres examined for each
genotype).
(B) Simultaneous HOAP and HP1 immunolo-
calization on the distal segment of the 2L po-
lytene arm from wild-type, rad505.1, and
mre11DC. In the merged images (DAPIHP1),
the HP1 signal is in yellow. The inserts show
the tip of each 2L arm stained for HP1. Note
that both HP1 and HOAP fail to accumulate
at the telomeres of mutant chromosomes.
However, HP1 still localizes in the subtelo-
meric euchromatic band shown in the inserts
as well in other more proximal bands of the
2L arm (n 100 telomeres examined for each
mutant).
lation (Figure 4A). Notably, we never observed a HOAP munoprecipitate with the telomere binding factor TRF2
[18]. Cytological analysis of cells from ATDL patientssignal at the sites of telomeric fusions in either rad505.1
or mre11DC mutants. The effects of rad50 and mre11 that bear hypomorphic Mre11 mutations did not reveal
the presence of telomeric fusions [19, 20], and telomericmutations on HOAP accumulation at polytene telomeres
were even more striking, because we never observed fusions were not observed in mice homozygous for the
weak Mre11ATDL1 mutation [21]. Mice bearing null muta-HOAP signals at the telomeres of either rad505.1 or
mre11DC mutants. In addition, we did not detect HP1 tions in either Mre11 or Rad50 are early-embryonic le-
thal, preventing cytological analysis of chromosomessignals at the telomeres of either rad505.1 or mre11DC
polytene chromosomes, which, however, displayed [22, 23]. However, mice homozygous for the hypomor-
phic Rad50s mutation displayed low levels of telomericclear immunostaining of the euchromatic bands and the
chromocenter (Figure 4B and data not shown). Collec- fusions [24]. Thus, the possibility remains that null muta-
tions in components of the human MRN complex wouldtively, these results indicate that the Mre11/Rad50 com-
plex is required for proper localization of both HOAP result in telomere fusion.
The mechanism by which the Drosophila MRN com-and HP1 at Drosophila telomeres. However, even in the
absence of the complex, mitotic chromosome telomeres plex recruits HOAP and HP1 at telomeres is unclear.
Although the complex preferentially associates with theretain the ability to recruit very low levels of HOAP. In
most cases, these low HOAP concentrations are not ends of linear DNA molecules in vitro [25], we observed
a uniform distribution of Rad50 along the Drosophiladetectable by immunostaining but are still likely to pro-
vide partial protection of telomeres. This is suggested euchromatic arms and failed to detect telomeric accu-
mulations of the protein. Thus, the interactions betweenby our previous observation that mutants in the HOAP-
encoding caravaggio gene exhibit approximately 6-fold the HOAP/HP1 and MRN complexes may involve telo-
mere-specific posttranslational modifications of themore telomeric fusions than mutants in the rad50 and
mre11 genes [4]. components of the MRN complex. Alternatively, the in-
teraction of DNA ends with the MRN complex may resultOur finding that the Drosophila Mre11/Rad50 complex
mediates telomere protection is consistent with studies in conformational changes of the telomeric chromatin
that facilitate recruitment of the HOAP/HP1 telomere-in yeast showing that this complex is required for both
maintenance of telomere length and prevention of telo- capping complex. Another intriguing possibility is that
MRN prevents telomeric fusions through the activationmeric fusion [16, 17]. However, the role of the mamma-
lian MRN complex in telomere maintenance is less clear. of the Drosophila homolog of the ATM protein. Recent
work has shown that mammalian MRN makes multipleIn human cells, the three members of the complex coim-
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Identification of regulatory regions driving the expression of thecontacts with ATM and stimulates its kinase activity
Drosophila spalt complex at different developmental stages.in vitro [26, 27]. It is thus possible that mutations in the
Dev. Biol. 215, 33–47.mre11 and rad50 genes prevent activation of Drosophila
7. Preston, C.R., Sved, J.A., and Engels, W.R. (1996). Flanking
ATM, causing telomeric fusions through an ATM-depen- duplications and deletions associated with P-induced male re-
dent, unknown mechanism. However, although muta- combination in Drosophila. Genetics 144, 1623–1638.
8. Gorski, M.M., Romeijn, R.J., Eeken, J.C., De Jong, A.W., Vantions in the Drosophila atm gene result in frequent telo-
Veen, B.L., Szuhai, K., Mullenders, L.H., Ferro, W., and Pastink,meric fusions ( [13, 28, 29]; Michael Brodsky, personal
A. (2004). Disruption of Drosophila Rad50 causes pupal lethality,communication), it is currently unclear whether ATM and
the accumulation of DNA double-strand breaks and the induc-the Mre11/Rad50 complex are in the same pathway for
tion of apoptosis in third instar larvae. DNA Repair (Amst.) 3,
Drosophila telomere protection ( [13]; Michael Brodsky, 603–615.
personal communication). 9. Ahmad, K., and Golic, K.G. (1996). Somatic reversion of chromo-
somal position effects in Drosophila melanogaster. GeneticsDrosophila telomeres are maintained by transposition
144, 657–670.of specialized retrotransposons rather than by telom-
10. Brodsky, M.H., Nordstrom, W., Tsang, G., Kwan, E., Rubin, G.M.,erase activity as in most organisms [30, 31]. In addition,
and Abrams, J.M. (2000). Drosophila p53 binds a damage re-terminally deleted Drosophila chromosomes are stable sponse element at the reaper locus. Cell 101, 103–113.
and can recruit telomere-capping proteins at their ends 11. Cenci, G., Rawson, R.B., Belloni, G., Castrillon, D.H., Tudor, M.,
[3, 4, 30]. Thus, the protection of Drosophila telomeres Petrucci, R., Goldberg, M.L., Wasserman, S.A., and Gatti, M.
(1997). UbcD1, a Drosophila ubiquitin-conjugating enzyme re-appears to be independent of the sequence of terminal
quired for proper telomere behavior. Genes Dev. 11, 863–875.DNA. In contrast, telomeres maintained by telomerase
12. de Lange, T. (2002). Protection of mammalian telomeres. Onco-contain long stretches of specific repeats, which are
gene 21, 532–540.
essential for recruitment of telomere-capping proteins 13. Bi, X., Wei, S.-C.D., and Rong, Y.S. (2004). Telomere protection
[12]. Given the situation, it is surprising that the MRN without a telomerase: The role of ATM and Mre11 in Drosophila
complex has a conserved role in telomere maintenance. telomere maintenance. Curr. Biol. 14, this issue, 1348–1353.
Published online July 2, 2004 10.1016/S0960982204004749.In keeping with a recent model on the origin of the
14. Shareef, M.M., King, C., Damaj, M., Badagu, R., Huang, D.W.,eukaryote telomere [32], we hypothesize that the MRN
and Kellum, R. (2001). Drosophila heterochromatin protein 1complex was coopted to serve in telomere protection
(HP1)/origin recognition complex (ORC) protein is associated
prior to the evolution of telomerase, perhaps to facilitate with HP1 and ORC and functions in heterochromatin-induced
the formation of DNA loops (T-loops) at the ends of silencing. Mol. Biol. Cell 12, 1671–1685.
15. James, T.C., Eissenberg, J.C., Craig, C., Dietrich, V., Hobson,ancestral linear chromosomes.
A., and Elgin, S.C. (1989). Distribution patterns of HP1, a hetero-
chromatin-associated nonhistone chromosomal protein of Dro-Supplemental Data
sophila. Eur. J. Cell Biol. 50, 170–180.Supplemental Data including Experimental Procedures and three
16. Nugent, C.I., Bosco, G., Ross, L.O., Evans, S.K., Salinger, A.P.,additional figures are available at http://www.current-biology.com/
Moore, J.K., Haber, J.E., and Lundblad, V. (1998). Telomerecgi/content/full/14/15/1360/DC1/.
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